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Abstract 
Ground motion and vibration can be a limiting factor in 
the performance of future linear colliders. Investigations 
of ground motion have been carried out around the world 
for several decades. In this review, results of recent 
investigations of ground motion as well as ongoing 
developments of stabilization methods are presented.  
1  GROUND MOTION STUDIES 
Ground motion can conveniently be divided into ‘fast’ 
and ‘slow’ when studying its effect on a linear collider. 
Fast motion (f > a few Hz) cannot be adequately corrected 
by a pulse-to-pulse feedback operating at the repetition 
rate of the collider and therefore primarily causes beam 
offsets at the IP. Slow motion can be compensated by 
feedback and thus results only in beam emittance growth. 
Another consideration is that the mechanism that 
produces relative displacements is different (discussed 
below) for slow and fast motion with a boundary 
occurring somewhere in a milli-Hz range.  
 
Figure 1: Power spectrum of absolute ground motion 
measured in different sites [1,2,3,4,5]. 
Fast motion is typically represented by a power 
spectrum as shown in Figure 1. The power spectrum of 
absolute displacement generally follows a 1/ω4 behavior 
on top of which are added the particular signatures from 
the contribution of different sources. For example, 
cultural noise (human produced) typically manifests itself 
above 1 Hz. Motion from ocean waves causes a peak 
around 0.14 Hz.  
The integrated spectrum over a particular frequency 
band gives the corresponding RMS motion. It is easy to 
see that the natural ground motion is quite small, as low as 
a fraction of a nanometer, for frequencies higher than 
several Hz (see Figure 2). 
 
Figure 2: Ground motion measured in Hiidenvesi cave 
showing the amplitude for different frequency bands [5]. 
The motion in the low frequency bands in Figure 2 is 
much larger, the order of a micrometer, however it is 
important to emphasize that the amplitude shown is 
absolute, i.e. it is the motion of a single point with respect 
to an inertial reference frame. What is important for a 
linear collider is the relative motion of two quadrupoles 
separated by distances less than the betatron wavelength. 
 
Figure 3: Example of correlation measured in the SLC 
tunnel for 100 m separation between probes [4]. 
Correlation measurements have shown [1,2,4] that 
natural ground motion consists mostly of elastic waves 
with a wavelength given by the phase velocity in the 
media. The slowest band of ‘fast’ motion has quite a long 
wavelength and is therefore highly correlated (see Figure 
3) and does not cause harmful effects on a linear collider. 
In the NLC, the tolerance on jitter in the position of 
elements varies significantly. The tolerance for the Final 
Doublet (FD) is a fraction of the beam size at the IP, 
around 1 nm. Some of the quadrupoles in the beam 
delivery system have very tight tolerances as well, on the 
order of 5-10 nm. The jitter tolerances for the main linac 
quadrupoles are also of the order of 10 nm, since there are 
many of them. The relevant frequency range for these 
tolerances is determined by the beam-based feedback 
which would effectively compensate for motion slower 
than about 1/20 of the repetition rate; for the JLC/NLC 
design, the frequency band of concern is f > 6 Hz. More 
detailed evaluations of tolerances are given in the next 
section.  
 
Figure 4: Integrated spectrum of absolute motion in SLC 
sector 10 compared with the motion near the SLD 
detector for a variety of situations. The top curves show 
motion on the SLD with and without the electronic racks 
on. The lower curves show the noise on the pit floor under 
nominal conditions and when most of the noise sources in 
the building were turned off (SLD door opened, most of 
on-SLD racks turned off) [6]. 
From these considerations, one can conclude that 
natural fast ground motion does not represent a limitation 
for a linear collider (for present parameters) and the real 
concern is cultural noise produced in the vicinity, whether 
external or internal to the tunnel or vibrations produced 
on the accelerator girder itself. An example of cultural 
noise is shown in Figure 4 where the noise measured on 
the floor of the SLC collider hall and on the SLD detector 
is shown in comparison with a quiet location at SLAC. 
Most of the noise is produced by very local sources – 
building ventilation, nearby compressors, etc. – and by 
various equipment mounted on the SLD itself. It is clear 
that the NLC detector must be designed carefully with a 
goal of minimizing vibration. Moreover, all of the 
conventional facilities support equipment for the 
accelerator will have to satisfy vibration criteria. 
The fast motion and vibration discussed above is not 
the only issue for a linear collider. Ground motion below 
0.01 Hz or so, in spite of being very slow, can have a 
rather short wavelength, causing misalignments of the 
collider and producing emittance growth. This motion is 
not wave-like and can be inelastic. There are two types of 
motion – one is diffusive and another is systematic. The 
model for the diffusive motion parameterizes the RMS 
relative misalignment as an ATL law [2,8]: ∆X2 = ATL 
where T is the time since perfect alignment and L is the 
distance between points.  
The parameter A varies by a few orders of magnitude 
when measured in different places and is clearly site and 
geology dependent. For example, measurements at the 
DESY site gave a value of A = 10
-5
 µm2/m/s [9] while in a 
tunnel built in rock in Japan, A = 2*10
-9
 µm2/m/s. The 
latter measurements also showed an increase in the value 
of A when blasting was used for the tunnel construction 
[10]. For diffusive motion with a value of A = 5*10
-7
 
µm2/m/s, similar to observations at SLAC in the SLC and 
FFTB tunnels [11,7], the linear collider would require 
continuous beam based alignment on a time scale of every 
30 minutes in order to prevent emittance growth. 
 
Figure 5: Horizontal X and vertical motion of the center of 
the 3 km SLAC tunnel with respect to its ends plotted 
along with external atmospheric pressure [7]. 
Recent measurements at SLAC have shown that the 
value of A can depend on changes in atmospheric 
pressure acting on the ground [7]. Figure 5 shows data 
taken in the 3 km SLAC tunnel over a period of one 
month. There is a clear tidal component seen in the 
transverse motion of the tunnel and there is a clear 
correlation of the motion with external atmospheric 
pressure. This correlation was observed over a wide 
frequency band (3E-6 – 1E-3 Hz) where the power 
spectrum of the tunnel motion behaved as 1/ω2 (the same 
as the ATL law) and thus the value of A could be derived. 
The spectrum of atmospheric pressure was found to 
behave in a similar way (also as 1/ω2) and its amplitude 
Ap was surprisingly correlated with A as shown in Fig.6. 
The observation that the deformation of the linac tunnel 
is correlated with atmospheric pressure variation [7] can 
be explained by assuming that the pressure acts on the 
ground whose properties vary along the linac. This 
variation can be due to changes in the Young’s modulus 
E, changes in the topology of the surface, or changes in 
the characteristic depth of the softer surface layers. It is 
worth noting that in this case the atmosphere-driven 
contribution to A scales as 1/E
2
 and therefore depends 
strongly on geology which may be partly responsible for 
the large variation of A observed in different places. 
